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Abstract: 
 Instrumented indentation was combined with microscopy and spectroscopy 
analysis to investigate the local mechanically-induced ferroelectric to anti-ferroelectric 
phase transformation of niobium-modified lead zirconate titanate 95/5.  Indentation 
experiments to 2 µm depths were performed using a pyramidal three-sided diamond tip.   
Subsequent Raman spectroscopy and piezoelectric force microscopy revealed that 
indentation locally induced the ferroelectric to anti-ferroelectric phase transformation.  
Piezoelectric force microscopy demonstrated the ability to map the individual phases 
within and nearby indented regions on the niobium-modified lead zirconate titanate 
ceramics.     
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Introduction 
Niobium-modified lead zirconate titanate (PNZT) with a 95/5 ratio of Zr/Ti 
undergoes a rhombohedral ferroelectric (FE) to orthorhombic antiferroelectric (AFE) 
phase change when subjected to a hydrostatic pressure of approximately 300 MPa.1  The 
stress required to induce the phase transformation in PNZT ceramics is influenced by 
density,2,3 porosity morphology (induced acicular or spherical porosity)3 and grain size,4 
where lower density levels, acicular porosity and smaller grain size materials decrease the 
transformation pressure.  In this letter, micro-scale indentation experiments coupled with 
Raman spectroscopy and piezoelectric force microscopy (PFM) were used to detect the 
locally induced FE → AFE phase change.   
 
Experimental Procedure, Results and Discussion 
Prior to testing, PNZT ceramics were mounted and polished in the final step with 
a 50 nm Al2O3 suspension, following standard metallographic preparation procedures.  
The virgin (unpoled) PNZT ceramics had an average grain size of ~10 μm with a nominal 
composition of Pb0.991(Zr0.955Ti0.045)0.982Nb0.018O3. Load control instrumented indentation 
experiments were performed on the polished surfaces using a pyramidal three-sided 
diamond tip with a Berkovich geometry to a depth of 2 µm using a Nano Indenter XP 
(MTS Nano Instruments, USA).  A representative 2 µm deep instrumented indentation 
load-displacement curve is shown in Figure 1.  Load-displacement curves generally 
revealed a displacement discontinuity or "pop in" at a very shallow indentation depth, 
about 25 nm, as exhibited in the Figure 1 inset.  Initial pop-in events are typically 
observed during instrumented indentation of brittle crystalline materials and are 
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associated with the sudden onset of plastic deformation, i.e burst of dislocations, during 
the indentation experiment.5-7    These previous observations suggest that in this case, the 
initial pop-in event is also indicative of dislocation burst.  Evidence of a clear relationship 
between "pop-in" events on indentation load-displacement curves being related to the FE 
→ AFE phase change or specific resultant structure in this material after an indentation 
experiment could not be isolated in this study.  
Raman spectroscopy was used to ascertain the presence of the FE and AFE  
phases8-10 inside and nearby indented regions, and on pristine surfaces of selected 
samples.  The experimental arrangement consisted of a SPEX 1877 triple monochromator 
spectrometer and a liquid-nitrogen-cooled charge-coupled-device array detector, allowing 
for frequencies to be measured within 30 cm-1 of the Rayleigh line.  The 514.5 nm 
excitation line from an Ar-ion laser was used to illuminate the sample at 100 mW with 
the focused spot size through the 80x objective being approximately 1-2 μm in diameter.  
Collection times were 5-10 seconds.   
PFM11,12 was also used to characterize and map the FE → AFE phase 
transformation nearby and within indented regions on selected samples and compared 
with PFM maps obtained on pristine surfaces.  In PFM, oscillatory bias is applied to a 
conductive atomic force microscope (AFM) tip scanning the surface in contact mode.  
The amplitude and phase of the electromechanical response of the surface due to the 
inverse piezoelectric effect are determined using lock-in detection.  Amplitude of the 
input signal will change depending on the electromechanical activity, or piezoelectric 
response of a material.  Signal phase will change depending on the polarization direction.  
In this study, measurements were restricted to the vertical direction although amplitude 
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and signal phase shift can also be monitored in the transverse direction.  A commercial 
microscope (Multimode Nanoscope IIIA, Veeco, USA), custom modified for PFM using 
a DS345 Function generator and SRS830 lock-in amplifier (Stanford Research, USA), 
was used for these measurements.  The imaging bias was 10 V peak-to-peak at 99 kHz. 
  A previous study comparing x-ray diffraction results and Raman spectra on 
PNZT 95/5 ceramics indicated that Raman peaks for the FE and AFE phase are at 66 cm-1 
and 52-54 cm-1, respectively.9  Raman spectra were collected inside a 2 μm deep indent, 
locations within 10 μm of the indentation impression, and on a pristine surface.  
Representative results are given in Figure 2.  Both peaks were observed in the spectra 
collected on a pristine surface, even though the AFE intensity is significantly weaker, 
indicating that the samples contained both phases prior to indentation testing.  The 
coexistence of AFE and FE phases in PNZT 95/5 has been established using X-ray 
diffraction,13,14 Raman spectroscopy14 and transmission electron microscopy  (TEM),15 
where the TEM work indicated that both the AFE and FE phase can coexist within a 
grain.  Raman spectra collected inside the impression give a significantly stronger AFE 
signature. The spectra taken at a location 10 μm from the indentation impression show 
evidence of both phases, but neither is dominant. Thus, these qualitative results indicate 
that the FE → AFE transformation took place underneath, and to a lesser extent, adjacent 
to the indentation impression during the experiment.   
PFM provided the ability to map regions of the PNZT microstructure and was 
sensitive to the micro-scale domain and phase structure of the material – it offered a more 
spatially-resolved characterization of the phase transformation than Raman spectroscopy.  
When PNZT is scanned with the biased AFM tip, the FE phase exhibits an 
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electromechanical response and gives a sharp phase signal and a strong amplitude signal.  
Conversely, the AFE phase does not exhibit an electromechanical response, resulting in a 
zero amplitude signal and a noisy, essentially meaningless, phase signal. In a similar 
fashion, grain and domain boundaries do not exhibit an electromechanical response and 
are revealed as sharp lines with dark contrast in the amplitude map.  Figure 3 shows PFM 
phase shift and amplitude maps, measured in the direction normal to the surface of the 
sample for pristine and indented regions on a PNZT surface.  In the phase shift maps, 
given in Figure 3(a) for the pristine region and Figure 3(c) for the indented region, 
adjacent sharp highly contrasted features highlights the domain structure of the FE phase 
material.  In Figure 3(a), there are a few small noisy sections in the map and in Figure 
3(c) most of the map is noisy and very few sharp features are revealed.   Corresponding 
amplitude maps are given in Figure 3(b) for the pristine region and Figure 3(d) for the 
indented regions.  Dark sections in these maps correspond to noisy sections in the phase 
change maps.     
The amplitude maps denote precise locations of the FE and AFE phases.  The 
AFE phase is present in a few specific locations in the pristine surface image, as indicated 
by the dark regions in the map in Figure 3(b), corroborating the weak AFE signature in 
the Raman spectroscopy results at locations far away from indented impressions.   Nearly 
all of the material seems to have transformed to AFE underneath a 2 µm indentation 
impression, as indicated by the large swath of dark regions in the map in Figure 3(d), 
corroborating the strong AFE signature in the Raman spectroscopy results at locations 
inside an indentation impression.  The triangular nature of the features in Figure 3(d) 
directly corresponds to the geometry of the indentation impression and suggests a 
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directional, possibly stepwise nature to the FE → AFE transformation.  Larger scans 
were also taken, but are not included for brevity.  These scans showed a return to pristine 
structure similar to that in Figure 3(a) and 3(c) about 10 µm outside of each indent, 
similar to what Raman spectroscopy results showed.   
 
Conclusions 
In summary, through a combination of two characterization methods, Raman 
spectroscopy and PFM, this study demonstrated that the local application of a mechanical 
force, i.e. an indentation experiment, induced the FE→AFE transformation in PNZT.  
This combined indentation-characterization approach conducted at the sub-micron scale 
provides the basis for performing comprehensive investigations that assess the role of 
local microstructure features on the deformation-induced transformation in PNZT and 
other ferroelectric materials.  
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Figure Captions: 
 
Figure 1: Typical load-displacement curve generated on PNZT.  The inset is a close-up of 
the beginning of the loading curve, with a pop-in event occurring around a 0.5 
mN load and 25 nm displacement. 
 
Figure 2: Representative Raman spectra taken inside of the indented regions, 10 μm away 
from an indent and far away from the indented region.  Predominantly AFE 
regions still contain FE signal and vice versa, signifying incomplete 
transformation.  Dashed lines show Raman shift values used to indicate presence 
of the AFE and FE phases. 
 
Figure 3: PFM scans of an unindented (a,b) and indented (c,d) region.  White dotted lines 
in (c,d) illustrate approximate boundaries of indent.  The top scans (a,c) show the 
normal signal phase shift response of the material and reveal relative grain 
orientation.  The bottom scans (b,d) show the amplitude response of the material 
and reveal piezoelectric regions.  Darker colors correspond to the AFE phase and 
lighter colors to the FE phase.  Scan sizes are all 10 μm by 10 μm.    
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Figure 2: 
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Figure 3:  
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